Abstract-Shaping the pulse of FilterBank MultiCarrier with Offset Quadrature Amplitude Modulation subcarrier modulation (FBMC-OQAM) systems offers a new degree of freedom for the design of mobile communication systems. In previous studies, we evaluated the gains arising from the application of Prototype Filter Functions (PFFs) and subcarrier spacing matched to the delay and Doppler spreads of doubly dispersive channels. In this paper, we investigate the impact of having imperfect channel knowledge at the receiver on the performance of Channel Adaptive Modulation (CAM) in terms of channel estimation errors and Bit Error Rate (BER). To this end, the channel estimation error for two different interference mitigation schemes proposed in the literature is derived analytically and its influence on the BER performance is analyzed for practical channel scenarios. The results show that FBMC-OQAM systems utilizing CAM and scattered pilot-based channel estimation provide a significant performance gain compared with the current one system design for a variety of channel scenarios ("one-fits-all") approach. Additionally, we verified that the often used assumption of a flat channel in the direct neighborhood of a pilot symbol is not valid for practical scenarios.
In previous studies, we evaluated the gains arising from the application of Prototype Filter Functions (PFFs) and subcarrier spacing matched to the delay and Doppler spreads of doubly dispersive channels. In this paper, we investigate the impact of having imperfect channel knowledge at the receiver on the performance of Channel Adaptive Modulation (CAM) in terms of channel estimation errors and Bit Error Rate (BER). To this end, the channel estimation error for two different interference mitigation schemes proposed in the literature is derived analytically and its influence on the BER performance is analyzed for practical channel scenarios. The results show that FBMC-OQAM systems utilizing CAM and scattered pilot-based channel estimation provide a significant performance gain compared with the current one system design for a variety of channel scenarios ("one-fits-all") approach. Additionally, we verified that the often used assumption of a flat channel in the direct neighborhood of a pilot symbol is not valid for practical scenarios.
Index Terms-FBMC, channel adaptive systems, offset-QAM-OFDM/FBMC-OQAM, channel estimation, intrinsic interference, interference mitigation, scattered pilots.

I. INTRODUCTION
N OWADAYS, multicarrier systems based on Cyclic Prefix-Orthogonal Frequency-Division Multiplexing (CP-OFDM), e.g. Long-Term Evolution (LTE), Digital Video Broadcasting -Terrestrial (DVB-T) and Wireless Local Area Networks (WLANs), have been designed to provide an optimal trade-off between spectral efficiency and high Quality of Service (QoS) over a wide range of different channel scenarios. For future mobile communication systems, this "one-fits-all" approach no longer is favored [1] , as its performance in terms of capacity degrades considerably if the system is not operating in one of the target channel scenarios. The reason for this is the limited channel adaptability available in currently deployed mobile communication systems, e.g. adaptive modulation and coding schemes in LTE [2] and its successors LTE Advanced and LTE Advanced Pro.
One approach to avoid the arising data rate loss is the utilization of a modulation scheme with the capability of Manuscript received June 9, 2016; revised September 13, 2016 , November 29, 2016 , and December 23, 2016 ; accepted December 27, 2016. Date of publication January 11, 2017; date of current version March 8, 2017 . The associate editor coordinating the review of this paper and approving it for publication was G. C. Alexandropoulos.
The authors are with the Institute of Communications Technology, Leibniz Universität Hannover, 30167 Hannover, Germany (e-mail: fuhrwerk@ ikt.uni-hannover.de).
Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TWC.2017.2651806
Channel Adaptive Pulse Shaping (CAPS). This has been proven to maximize the system capacity for a given symbol duration and subcarrier configuration [3] . Similar to CP-OFDM, windowed Orthogonal Frequency-Division Multiplexing (OFDM), Filtered MultiTone (FMT) and Universal-Filtered MultiCarrier (UFMC) [4] schemes also suffer from spectral efficiency loss due to the usage of an undersampled timefrequency lattice grid. Thus Staggered MultiTone (SMT) schemes like FilterBank MultiCarrier with Offset Quadrature Amplitude Modulation subcarrier modulation (FBMC-OQAM), which utilize a critically sampled lattice grid [5] , have been proposed for future wireless communication systems, e.g. 5th Generation (5G) cellular radio [6] , [7] . In contrast to CP-OFDM, FBMC-OQAM allows the usage of arbitrary pulse shapes, which enables optimal adaptation of a transmission system to the actual channel conditions, thus preserving the maximum available channel capacity. Additionally, utilizing proper pulse shapes allows to reduce side lobes significantly and thus improves the coexistence capabilities of mobile communication systems with adjacent or in-band interferers [8] .
In [9] , [10] and related publications it has been shown that the application of an FBMC-OQAM modulation scheme can outperform CP-OFDM in terms of bit error rate (BER) and spectral efficiency without considering potential gains provided by CAPS. Theoretical investigations into the impact of doubly dispersive channels on the performance of FilterBank MultiCarrier (FBMC) systems have been carried out in [11] , confirming that lattice grid optimization can provide an increased robustness against Inter-Symbol Interference (ISI) and Inter-Carrier Interference (ICI) compared to state-of-theart OFDM systems. For preamble based channel estimation, a channel adaptive pulse shape design has been proposed to provide significant gains in terms of channel estimation and BER performance [12] . Utilizing a generic channel model, [13] provides a quantitative investigation of the gains achievable by the application of CAPS to an FBMC-OQAM system operating in doubly dispersive channels. It is shown that CAPS can provide a Signal-to-Interference Ratio (SIR) improvement of approximately 3 to 4 dB at the receiver Analysis FilterBank (AFB). In [14] the performance of the Isotropic Orthogonal Transform Algorithm (IOTA) Prototype Filter Function (PFF) based on Extended Gaussian Functions (EGF) for two specific dispersive channels is compared to CP-OFDM. Both [13] and [14] show that pulse shape adaptation based on the actual channel state information can Reconstruction performance (SIR [13] ) as a function of the normalized delay spread τ rms / T and maximum Doppler shift f D T of an FBMC-OQAM system with K = 256 subcarriers and symbol duration T , operating in channels with exponential PDP and Jakes Doppler PSD. The vertical lines indicate the SIR values for the channel environments defined in [29] (left: Rax, middle: Tux, right: HTx), which are achievable by an LTE system with standard conform T . The circles show the resulting operation points for the default mobile speeds [29] at the typical frequency bands for LTE in Europe. The area between the dashed diagonals indicates the optimal operation region in terms of SIR after the AFB of an FBMC-OQAM system utilizing the PHYDYAS pulse shape. The dotted diagonals depict the SIR values for a certain operation point, if the symbol duration T of the LTE system is adjusted to maximize the SIR. The arrows indicate the direction of available SIR gains for the present channel scenario.
indeed improve the system performance in FBMC based systems. In [15] we investigate the quantitative performance gains that can be achieved by utilizing FBMC-OQAM with CAPS utilizing an LTE like system operating in COST 207 channels [16] and compared the results to a CP-OFDM based system. We showed that FBMC-OQAM systems with a suitable PFF can outperform the classical CP-OFDM scheme in terms of BER and throughput.
However, to prevent increased latency or out-of-band emission, the PFF applied for CAPS cannot be spread arbitrarily in time or frequency domain and thus the performance gains achieved by CAPS are limited. Therefore, we propose a novel system design paradigm [17] , which utilizes a cell and/or user specific Channel Adaptive Subcarrier Spacing (CASS), as depicted in Figure 1 . This enables the optimal adaption of a transmission system to a certain channel environment. From implementation point of view, it is not beneficial to utilize arbitrary symbol durations within a single system design, as this significantly increases system complexity and costs. Therefore, we propose a system design which combines CAPS and CASS to a unified scheme referred to as Channel Adaptive Modulation (CAM). Our previous investigations regarding CAM based on the assumption of perfect channel knowledge at the receiver side and utilizing a Zero Forcing (ZF) equalizer [13] , [15] . In this work, we investigate the influence of imperfect channel estimation based on scattered pilots on the performance of CAM. Therefore, we consider a simple receiver structure to obtain the upper performance bounds. In this way minimal implementation cost and extended battery life time are supported. Accordingly, we specify the following requirements and features in our system design:
• The CAM parameters, e.g. PFF and symbol duration, are chosen at the transmitter.
• The amount of redundant data transmission for interference mitigation should be kept to a minimum, thus we only tolerate only a maximum redundancy of one real symbol.
• Channel estimation is performed by the method of Least Squares (LS).
• ZF equalizer is used for the channel equalization.
• No iterative interference rejection schemes shall be applied at the receiver to keep mobile equipment hardware simple and low cost. As FBMC-OQAM suffers from intrinsic interference, several interference mitigation schemes for scattered pilots have been proposed in literature [18] - [28] , which can be categorized as follows:
• Auxiliary Pilot (AP)
• Composite Pilot Pairs (CPP). Referring to the system requirements defined above, both latter schemes are based on iterative channel estimation, equalization and data symbol detection and thus are not within the scope of our investigation. The channel estimation schemes proposed in [20] - [24] require more than one redundant symbol or do not provide a closed form solution and thus go beyond the scope of this paper. The POP scheme and the modified version of it, proposed in [26] and [27] , respectively, provide a closed form LS estimation for the equalizer, whereas the AP [18] and DS [19] approaches considered within the context of our contribution both deliver a LS estimate of the channel. In fact, even though the estimation technique is similar for all of these schemes, it should be made clear that two different LS problem formulations (cost functions) are being raised. In other words, the POP scheme additionally requires the inverse equalizer determination, which might result in further errors, e.g. noise enhancement. Therefore, as a first step, the focus of our contribution is guided by the evaluation of AP and DS interference mitigation performance in terms of the channel estimation error for various PFFs. Doing so we want to answer the research question, whether the usage of CAM can provide sufficient gains compared to current "onefits-all" approach when we have imperfect channel knowledge at the receiver. Therefore, analytical descriptions for the estimation errors are derived and the system level performance in terms of BER is determined and compared. The rest of this paper is organized as follows. In section II, the FBMC-OQAM system model and the related intrinsic interference are reviewed. This is followed by an overview of the lattice and pulse shape adaptation theory in section III. The analytical descriptions of the channel estimation error in doubly dispersive channels are derived in section IV and the influence of the channel estimation error on the system performance is discussed in section V. Finally, a conclusion is drawn and future work is outlined.
Notation 
II. SYSTEM MODEL
Here, a description of the applied system and channel models is provided. Subsequently, the expression for an FBMC-OQAM symbol distorted by a doubly dispersive channel is recalled. The receiver noise is neglected in our work, as only the effects of the intrinsic interference in FBMC-OQAM systems, as well as ISI and ICI caused by the propagation channel, are in the focus of interest. In our investigation, we consider a critically sampled discrete-time system model, i.e. T s = T /K and t = nT s with the sampling period T s , symbol duration T and total number of subcarriers K as depicted in Figure 2 .
A. Discrete-Time Model
Considering the time-variant multipath channel h[τ, n] of path delay τ , the received signal r [n] can be expressed by
where the transmit signal s[n] is given by
and
Here, a m,k is an independent and identically distributed (i.i. 
T s define the effective subcarrier and symbol spacing used for the OQAM modulation. θ m,k is a phase shift required to fulfill the real orthogonality condition. The discrete-time channel modeled by a time-variant tapped delay line with a maximum Doppler shift f D is given as follows:
where h l [n] is a time-dependent complex valued channel coefficient with the delay τ l at the channel tap index l out of L channel taps. The delay spread τ rms of the channel is given by [30] 
where the mean delayτ is given by [30] 
(5b)
B. Received Symbol
To obtain the unequalized data or pilot symbolãm ,k , a matched filter is applied to r [n] and the phase shift θ m,k is reversed. Accordingly, under assumption of perfect synchronization to the first channel tap,ãm ,k can be written bỹ
withm andk being the symbol and subcarrier index of the demodulated received symbol, respectively. As long as 2 f D T s < 1, the Discrete-Time Fourier Transform (DTFT) can be applied to h[τ, n] [30] . Therefore, and by consideration of (2), (6) yields
with h D [τ l , ν] being the Doppler-variant channel impulse response or spreading function given by
We represent the symbol index offset by μ = m −m, the subcarrier offset by κ = k −k and the related sets of available offsets byM = M −m andK = K −k. Theãm ,k related lattice grid can be described by the set of lattice position tuples (μ, κ) ∈ S with S = (M ×K). Moreover, with definition of the set of neighboring symbols as
Here,ã
is the desired unequalized signal andã {I } m,k includes the ISI and ICI, respectively. Hm ,k (μ, κ) is the system dependent channel coefficient given by
where the phase shifted discrete-time ambiguity function
with the discrete-time ambiguity function
III. LATTICE GRID AND PULSE SHAPING To achieve a robust transmission over doubly dispersive channels, previous studies have shown that the direction parameter β ∈ [0, ∞) of a PFF used for pulse shaping as well as the selection of the lattice grid defined by T 0 and F 0 should match the statistical properties of the channel environment [3] , [34] as follows:
The direction parameter β is defined by
where σ t and σ f are the standard deviation (or dispersion) of the applied PFF in time-and frequency domain, respectively. Both relations in (13) have to be fulfilled jointly, as β and T 0 , i.e. PFF and symbol duration, are selected conjoint during a system design. 
A. Lattice Grid
The most obvious way of adapting a system to a certain channel environment is to match the symbol duration and subcarrier spacing accordingly (CASS). Considering practical constraints such as implementation complexity, oscillator accuracy and processing clock speed, it is not reasonable to design communication systems with the capability of arbitrary adjustment of the symbol duration. The usage of exponential subcarrier spacing granularities based on a power of two as proposed in [17] is seen as an evident approach. This can be implemented simply by means of a Fast Fourier Transform (FFT) with maximum required length. However, this is a suboptimal method, since (13a) cannot be fulfilled by a system designed to operate in various channel environments. A more accurate system adaptation can be provided by the application of a suitable PFF as given by (13b) (CASS + CAPS → CAM).
B. Pulse Shaping
In system design, the selection of a PFF is restricted by the overlapping factor γ , which specifies the amount of overlapping symbols and the occupied bandwidth. These parameters directly affect the system latency as well as the out-of-band emissions and thus guard band sizes. The PFFs f [n] applied in this work are derived from time-unlimited base PFFs p [n] proposed in literature for FBMC-OQAM systems as follows:
As base PFFs p[n], we consider the Nyquist pulses, namely PHYDYAS [31] or Mirabbasi-Martin [35] , an IOTA PFF based on EGF [32] and the Hermite pulse shape [33] , which are summarized in Table I .
IV. CHANNEL ESTIMATION
In a multicarrier system the channel estimation is usually carried out in the frequency domain and is based on a transmitted reference sequence, which is either a separate preamble sequence or a number of scattered pilots within the whole transmission frame as done in LTE or DVB-T. Using the LS estimator, the channel coefficientsHm ,k are calculated by comparing the received pilot symbol, i.e.ãm ,k =pm ,k and the reference symbol pm ,k according tõ
The resulting channel estimation error can be determined using the Mean-Squared Error (MSE) ε H defined by
As shown in (9), each received data or pilot symbol can be considered as a superposition of a desired part and an interference part, which degrades the channel estimation accuracy.
To enable a precise channel estimation, the transmission of each pilot symbol requires special processing to mitigate the interference. Various schemes have been proposed in literature to minimize the interference in preambles [36] - [40] . However, some systems such as LTE and DVB-T don't have a dedicated preamble. Additionally, almost every wireless communication system requires reference symbols embedded within the data part for the purpose of residual Carrier Frequency Offset (CFO) estimation and channel tracking. Similar to (9) , the estimated channel coefficientHm ,k can be considered as a linear combination as follows: (μ a , κ a ) = (1, 0) . Data symbols within the inner hatched area are used for the AP calculation as reported in [18] .
so that (17) can be rewritten by
Cm ,k represents the residual interference induced by the symbols considered by an interference mitigation scheme to combat the interference onpm ,k . Rm ,k is the interference imposed by all symbols not included in the interference mitigation.
A. Auxiliary Pilot (AP)
To reduce the interference on pilot symbols, Javaudin et al. [18] proposed the usage of a help pilot ρ m,k . The more common naming AP has been introduced in [39] . The AP is placed at the lattice position with symbol offset μ a and subcarrier offset κ a relative to the associated pilot symbol position, as depicted in Figure 3 . Assuming that τ rms T and f D 1/T , with S C ⊆ {S N \ (μ a , κ a )} being the set of symbols considered for interference mitigation, the AP approach is specified by
where the average power P {AP} of ρ m,k is
with the average data symbol power
Applying this generalized approach for APs, each part of (18) can be defined by
where (μ a , κ a ) }. According to (19) , the channel estimation error for the AP scheme ε {AP} H is calculated by
witĥ
In [18] only OQAM symbols next to the pilot symbol are considered for the calculation of ρ m,k , i.e.
Referring to the derivations in appendix A and B, ε
with the pilot boost factor b = σ 2 p /σ 2 d and the average pilot symbol power
is given by (28) and the residual estimation error ε {AP} r induced by symbols not considered by the interference mitigation scheme is obtained by:
The effective ambiguity functions α μ,κ [τ l , ν] and α[τ l , ν] are defined according to
and In (30) and (31) the discrete-time ambiguity function can be applied, as the delay and subcarrier specific phase shifts are either canceled out or removed due to the calculation of the absolute value.
The total channel estimation error ε in Figure 4a , 4d, 4g and 4j, the AP scheme can provide almost a perfect interference mitigation. As the utilized channel is not considered by the AP scheme, the channel estimation error increases similarly to the SIR of received data symbols shown in Figure 1 . However, the overall channel estimation error ε {AP} H is severely Allocation and index pattern of pilot and data symbols for the DS scheme. All data symbols within the inner hatched area (i.e. = 8) are spread to reduce the interference induced onto the pilot symbol p m,k [19] .
limited, as the estimation error is bounded by ε {AP} r (see Figure 4b , 4e, 4h and 4k). For isotropic PFFs (i.e. EGF with α = 2 and Hermite), the AP scheme delivers a minimum ε {AP} H of approximately −18 dB. For non-isotropic PFFs, Rm ,k causes an increase of the channel estimation error to −11 dB and −14 dB for the PHYDYAS and EGF α = 3 PFFs, respectively. Additionally, the transmit power is increased, as compared to classical CP-OFDM the pilot pair ( p m,k and ρ m,k ) power is in average about 3-9 dB higher which may become an issue for high pilot pattern densities, as the effective data symbol Signal-to-Interference-plus-Noise Ratio (SINR) is decreased. For all PFFs, the channel estimation performance is limited by the residual estimation error ε {AP} r in the region of τ rms /T ≤ 9 · 10 −3 and f D T ≤ 3 · 10 −2 . However, at the cost of increased system complexity and potentially latency, the channel estimation performance can be improved significantly if Rm ,k is minimized by consideration of more symbols in interference mitigation as suggested in [41] .
B. Data Spreading (DS)
Instead of using only one symbol to combat the interference on the pilot symbol as done in AP, Lélé et al. proposed in [19] to impose the zero forcing condition on a certain number of neighboring symbols > 1, with S C ⊆ S N . This concept has been extended by [23] , [24] to avoid the use of the auxiliary pilot and to improve the algorithms for the coding matrices design. In this work, we focus on the performance of the algorithm proposed in [19] . To simplify the notation, spread data symbols are indexed as depicted in Figure 5 , with λ : {1, . . . , } → {(μ, κ) λ }. Accordingly, the interference can be mitigated by
where a λ are the spread data symbols calculated by
with
Here, d is a vector of the original OQAM symbols and C is the spreading matrix including different spreading codes c λ defined by λ,1 , . . . , c λ,λ , . . . , c λ, ] (35c)
To ensure that d λ can be recovered on the receiver side as well as to avoid transmission power waste and noise enhancement, C has to be orthonormal [19] . Similar to the AP scheme, the DS approach requires a specific symbol d such that (32) is fulfilled for all d λ . Here, d is a linear combination of all data symbols d λ , i.e.
where β λ is a weighting factor, which is an element of the weighting vector β:
With regard to this, the average power P {DS} of d is given by
Considering the set S C , the different parts of (18) for the DS scheme are obtained as below:
Utilizing the derivations in appendix B and C, ε
Here, the cancellation error ε {DS} c and the residual estimation error ε {DS} r are given by
In appendix C, α τ l ,ν , B I and X are given by (63) and (66). Like the AP scheme, [19] proposed only the usage of OQAM symbols next to the pilot symbol, i.e. are depicted in Figure 6 , which additionally presents the performance ratio between the DS and AP schemes defined as below:
Because of ε
, the graphical presentation of ε {DS} r is omitted. Since the utilized channel is not considered in the design of the auxiliary data symbol d and the spreading matrix C, the increase in channel estimation error is in line with the SIR of the data symbols shown in Figure 1 . Similar to the AP scheme, the overall channel estimation performance ε {DS} H of the DS scheme is severely limited, as it is bounded by ε {DS} r (see left and right columns of Figure 6 ). For isotropic PFFs, i.e. EGF with α = 2 and Hermite, the DS scheme can deliver a minimum ε {DS} H of approximately −18 dB. For non-isotropic PFFs, i.e. PHYDYAS and EGF α = 3, Rm ,k leads to an increase of the total estimation error to −11 dB and −14 dB. Additionally, the transmit power is increased. Compared to CP-OFDM the pilot pair ( p m,k and ρ m,k ) has an average power rise of about −5.5 to 5.5 dB, which is significantly less than the power overhead of the AP scheme. The high value for the EGF PFF with α = 3 can be reduced by a proper design of β and C. For all PFFs, the channel estimation performance is limited by the residual estimation error ε {DS} r in the region of τ rms /T ≤ 9 · 10 −3 and f D T ≤ 3 · 10 −2 . This may be improved by increasing the set S C as proposed in [23] , [24] .
Comparing the AP and DS schemes, i.e. considering ε c , depending on the applied pulse shape the DS scheme offers a superior channel estimation performance compared to the AP scheme with 2 to 3.5 dB gain as depicted in Figure 6c , 6f, 6i and 6l. However, simulations proved that due to the presence of Rm ,k , ε H = 0 dB for approximately τ rms /T ≤ 9 · 10 −3 and f D T ≤ 3 · 10 −2 . Outside this region the performance gain of the DS scheme is limited to 0.5 to 2 dB (− ε H ). V. SYSTEM PERFORMANCE In this section, the influence of the channel estimation error on the system level performance of the AP and DS schemes is evaluated. For this purpose, we consider a subset of the LTE scenarios depicted in Figure 1 and determine a suitable modulation scheme based on the achievable SIR and ε H . The modulation scheme is obtained by defining a maximum threshold in terms of uncoded BER, from which the required minimum SNR S N R min can be derived as reported in [43] . Finally, we can specify the minimum SIR S I R d,min and the maximum channel estimation error ε H,max required for data symbols approximately as follows:
Although (46b) has been derived for the Minimum MeanSquared Error (MMSE) estimator [44] , it can serve as an upper performance bound for the LS estimation. The factor of two is introduced as parts of the estimation error do not affect the OQAM data symbols, since only the real part of demodulated symbols is taken into account. Based on the performance curves obtained for different Modulation and Coding Schemes (MCSs) provided in [42] for AWGN channels along with the corresponding uncoded BER values given in Table II , we consider a target uncoded BER of 5 · 10 −2 and obtain S I R d,min and ε H,max as shown in Table III . Based on the channel scenarios presented in Table IV we apply a two-dimensional linear interpolation of the timevariant channel transfer function. The resulting uncoded BER values are depicted in 7d, 7e and 7f for the AP scheme as well as 7j, 7k and 7l for the DS scheme. It can be seen, that channel estimation based on the LS method results in a significant loss of BER performance of more than one order of magnitude.
In all considered scenarios, the residual interference on pilot symbols and thus MSE of the LS channel estimation is minimized for isotropic PFFs. Therefore, for these scenarios with the considered system design, CAPS cannot provide the uncoded BER performance gains of a factor of ≥ 2 as predicted by former studies [13] . However, CASS can provide performance enhancements for the scenarios A and C, where the LTE subcarrier spacing is not optimally matched to the channel characteristics. Besides the previous results, both investigated interference mitigation schemes are still able to reach the BER performance levels required by LTE.
To support higher order modulation schemes, e.g. 256-QAM in LTE Advanced (Rel. 12), further improvements in the system design need to be found. Without increasing the receiver complexity, the channel estimation error and the related system performance can be improved by using boosted pilots (b > 1) or by reducing the residual estimation error by consideration of a higher number of neighboring symbols. Unfortunately, this in turn results in higher system complexity and might increase latency [24] , [41] .
VI. CONCLUSION AND OUTLINE
In this work we investigated the practical feasibility of FBMC-OQAM systems with CAM utilizing LS channel estimation based on the scattered pilot approach. Concerning this, analytical descriptions of interference mitigation based on the AP and DS schemes have been derived and evaluated. The resulting outcomes have been compared with MonteCarlo based simulation results and a system level performance evaluation has been performed on the basis of uncoded BER. The results confirm, that for the specified system design, CAPS is subject to shortcomings concerning the residual channel estimation error, whereby isotropic PFFs show the best performance for each considered scenario. On the other hand, CASS provides significant performance gains and thus is seen as a promising concept for future system designs. Comparing the AP and DS schemes, DS provides a slightly better BER and ε H performance in combination with a smaller pilot power increase of approximately 4 to 11 dB at the costs of higher computational complexity. The results showed that the DS scheme and the follow-up developments (e.g. [23] , [24] ) make scattered pilots a suitable approach for channel estimation in future communication systems.
In the future, we will investigate further interference mitigation schemes, e.g. POP methods [26] , [27] , as well as the performance improvements provided by pilot power boosting. Additionally, the effects of the amount of symbols considered for interference mitigation and the knowledge of the channel characteristics at the transmitter on the channel estimation performance will be investigated. Furthermore a trade-off analysis between the spectral efficiency loss caused by guard bands and the efficiency gain for a multi-user CAM or CASS scenario is subject of our future studies.
APPENDIX A PILOT MODULATION SCHEME FOR CHANNEL ESTIMATION ERROR MINIMIZATION
In (24) , the pilot symbol pm ,k is statistically independent of am +μ,k+κ and Hm ,k (μ, κ). Therefore, ε {AP} H can be expressed by
Applying Jensen's inequality for convex functions, (47) can be written as
Having this in regard, ε {AP} H is minimized if
This is only fulfilled for | pm ,k | = const., such as for Binary Phase-Shift Keying (BPSK) modulated pilots. Accordingly, (24) yields
APPENDIX B MEAN INTERFERENCE POWER OF RECEIVED SYMBOL Considering (9), the mean energy
is given by
Performing the multiplication in consideration of statistical independence of Hm ,k (μ, κ) and am +μ,k+κ , we obtain 
From the Wide Sense Stationary (WSS) Uncorrelated Scattering (US) condition of the propagation channel, 
APPENDIX C CHANNEL ESTIMATION ERROR FOR DS SCHEME Similar to appendix B, the mean square error ε {DS} H Utilizing (55) results in
with x λ,λ , X and α τ l ,ν being defined according to 
Similar to the AP scheme, the phase shifted discrete-time ambiguity function can be substituted by the discrete-time ambiguity function, as the phase shifts are canceled out in α τ l ,ν X α H τ l ,ν (without proof).
APPENDIX D DS SCHEME MATRICES
In order of completeness, the spreading matrices C reported in [19] and the calculation of the auxiliary data symbols d and the variables β and X are outlined with the notation used in this work. 
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